A Comparative Study of the Synthesis of Nicotinamide Nucleotides
by Erythrocytes of some Vertebrates BY P. G. TULPULE Nutrition Research Laboratories, Indian Council of Medical Research, Tarnaka, Hyderabad 7, India (Received 3 September 1962) Kornberg (1950) and Rowen & Komberg (1951) were the first to demonstrate that a partially purified enzyme preparation of rat liver catalysed the synthesis of NAD from nicotinamide, and they postulated ribosylnicotinamide and NMN as intermediates in the scheme of NAD synthesis. An enzyme capable of catalysing the synthesis of NMN from nicotinamide was also demonstrated in human erythrocytes by Leder & Handler (1951) . However, the equilibria of the reactions brought about by nicotinamide-adenine dinucleotide pyrophosphorylase and nicotinamide mononucleotide pyrophosphorylase in vitro were not favourable for NAD synthesis under physiological conditions (Komberg 1950; Rowen & Kornberg, 1951) . Also, NMN synthesis from nicotinamide and glucose by human erythrocytes in vitro proceeded only at an extremely high and unphysiological concentration of nicotinamide (Leder & Handler, 1951) .
The observation that huiman erythrocytes could synthesize NAD at low concentrations of nicotinic acid and that glutamine enhanced this synthesis led Preiss & Handler (1957) to postulate an alternative scheme for NAD synthesis from nicotinic acid which did not involve the formation of free nicotinamide. The investigators also studied, with partially purified enzymes from acetone-dried and powdered human erythrocytes, rat liver and autolysed yeast, the intermediate steps in NAD synthesis, wherein the synthesis started from nicotinic acid and proceeded through the formation of nicotinic acid mononucleotide and nicotinic acidadenine dinucleotide, followed by amidation at the last stage (Preiss & Handler, 1958a, b) .
In studies on the metabolism of nicotinamide nucleotides, Tulpule (1958) observed that washed rat erythrocytes were unable to synthesize NAD from nicotinamide under similar conditions to those employed by Leder & Handler (1951) in studies on human erythrocytes. An attempt was therefore made to study in vitro the synthesis of nicotinamide nucleotides by different mammalian species. The erythrocytes of most other vertebrates differ morphologically from the mammalian erythrocytes in that they are elliptical, nucleated and biconvex. They are also large in size but fewer in number. In the present investigation one avian species and one amphibian species were included to observe the effect of nucleated erythrocytes on the synthesis of nicotinamide nucleotides. Two pathways of NAD synthesis from nicotinic acid and nicotinamide, as mentioned above, were examined.
MATERIALS AND METHODS
Erythrocyte preparations. Erythrocytes from seven mammalian species, namely mouse, rat, guinea pig, rabbit, sheep, monkey (Macaca radiata) and man, and one avian and one amphibian species represented by pigeon (Columba livia) and frog (Rana tigrina) respectively, were examined. Normal, healthy adult specimens in each species were selected for the investigations. Enzyme determinations were carried out on individual blood samples for all species except mouse and pigeon, for which blood from three and two individuals respectively was pooled for each observation.
Defibrinated whole blood as well as washed erythrocytes were used in the enzyme studies. Blood was defibrinated by shaking it as soon as it was drawn in a wide test tube with two glass beads, and the fibrin clot was removed before use. The erythrocytes were separated by centrifuging at 10 OOOg at 30 for 10 min. and washed four times at 30 with Ringer glucose solution, pH 7-2, and diluted with 4 vol. of O-Ol M-phosphate buffer, pH 7*4.
Synthesis of nicotinamide-adenine dinucleotide. The reaction mixture contained 50,xmoles of phosphate buffer, pH 74, 125,moles of glucose, 20 umoles of glutamine, 1 umole of ATP, 1-0 ml. of either defibrinated whole blood or a suspension of washed erythrocytes, and nicotinic acid or nicotinamide in quantities ranging from 0-5 pmole to 500,moles, in the total volume of 1-5 ml. The reaction was carried out at 370 for 20 hr. and was terminated by adding an equal volume of 10% (w/v) trichloroacetic acid. Two types of controls were run simultaneously, one containing no substrate treated in a similar way to the test solution, and the other with added substrate, where the reaction was stopped before incubation. Since the incubation period was long, aseptic conditions were ensured by adding a mixture of 20 units of penicillin and 40 units of streptomycin to each reaction mixture. Leder & Handler (1951) have shown that the antibiotics at these concentrations have no influence on nucleotide synthesis.
Deproteinized extracts were analysed for nicotinamide nucleotides by the fluorimetric procedure of Levitas, Robinson, Rosen & Perlzweig (1947) . The colorimetric method of Kerr & Seraidasian (1945) , which uses Bial's reaction of pentose with orcinol, was adopted for the determination of the free ribose and ribose phosphate concentrations of the whole blood. The enzymic formation of ribose 5-phosphate from glucose 6-phosphate via the hexose monophosphate oxidative route by washed erythrocytes was determined by the method described by Tulpule (1959) .
RESULTS
Formation of nicotinamide nucleotides from nicotinamide and glucose by erythrocytes of seven mammalian species. In these experiments the procedure described by Leder & Handler (1951) for the synthesis of nicotinamide nucleotides by human erythrocytes was followed with 200,umoles of nicotinamide in the reaction mixture. Glutamine was omitted from the reaction mixture.
The results (Table 1) demonstrate that, of the seven species studied, only man and guinea-pig erythrocytes were capable of synthesizing nicotinamide nucleotides under the conditions used. However, all the species that were unable to carry out this synthesis had a higher blood concentration of nicotinamide nucleotides than guinea pig and man. The results also demonstrate the formation of ribose phosphate from glucose 6-phosphate in rat and guinea-pig erythrocytes, and also that the ribose concentrations of the whole blood of these two species were almost equal. The ribose phosphate did not therefore seem to be a limiting factor in the synthesis of nicotinamide nucleotides in rat erythrocytes.
Formation of nicotinamide nucleotides from nicotinic acid and nicotinamide by erythrocytes at different concentrations of the substrates. Preiss & Handler (1957) showed that with low concentrations of nicotinic acid, in the presence of glucose and glutamine, there was appreciable synthesis of nicotinamide nucleotides by human blood, whereas much higher concentrations of nicotinamide were required to attain their synthesis in comparable quantities. In our experiments the capacity of the defibrinated whole blood of man, monkey, guinea pig, rat, pigeon and frog to synthesize nicotinamide nucleotides from nicotinic acid and nicotinamide, at various concentrations ranging from 0 5 pumole to 500 jtmoles, was tested.
Defibrinated human blood could synthesize these nucleotides from nicotinamide, as well as from nicotinic acid (Fig. 1) synthesized was decreased. At higher concentrations of nicotinamide there is a much greater synthesis of nicotinamide nucleotides than in the presence of optimum amounts of nicotinic acid. The results were essentially the same with defibrinated whole blood and isolated erythrocytes. It was also observed (Fig. 2) that the maximum synthesis of nicotinamide nucleotides could be obtained when 1 Amole of nicotinic acid was added to the reaction mixture, and at a similar concentration nicotinamide could synthesize only one-tenth of that quantity. These results agree with the observations of Preiss & Handler (1957) and support the view of these authors that NAD synthesis from nicotinic acid through nicotinic acid mononucleotide and nicotinic acid-adenine dinucleotide represents a physiologically operative pathway in human erythrocytes.
Monkey blood synthesized nicotinamide nucleotides in vitro from nicotinic acid with low amounts of the substrate (1 lmole) when the incubation mixture contained glutamine (Fig. 3) , and the enzyme catalysing this synthesis was inhibited completely when the concentration of substrate was increased to 40 umoles/1-5 ml. of reaction mixture. Results with nicotinamide and glucose confirmed the findings reported above that the monkey blood could not use nicotinamide directly for the synthesis of nicotinamide nucleotides. However, when the reaction mixture containing nicotinamide and glucose was fortified with glutamine appreciable synthesis of nicotinamide nucleotides was observed, which reached a maximum when 100 lOmoles of the substrate were used and then decreased when the substrate concentration was further increased. It seemed possible, therefore, that only one pathway of NAD synthesis, whereby amidation occurred after the nicotinic acid had been converted into nicotinic acid mononucleotide, was operative in monkey blood, and that nicotinamide could participate in the synthesis in vitro only after its primary conversion into nicotinic acid.
The results of studies on guinea-pig blood are represented in Fig. 4 . The guinea-pig blood differed from the human and monkey blood in that it was unable to synthesize nicotinamide nucleotides from nicotinic acid in the presence of glucose and glutamine. However, in the presence of nicotinamide and glucose, NAD was synthesized. A progressive increase in the synthesis of nicotinamide nucleotides was observed, the rate of the reaction being proportional to the nicotinamide concentration up to 100 ,umoles/1 5 ml. of reaction mixture.
Studies with rat blood showed that the synthesis of nicotinamide nucleotides did not occur in the presence of either nicotinamide or nicotinic acid. They suggested the total absence of the enzyme in this tissue of rat.
Of the two vertebrate species, namely pigeon and frog, selected to provide nucleated erythrocytes, both were capable of synthesizing nicotinamide nucleotides from nicotinamide and nicotinic acid ( Table 2 ). The pattem of synthesis of nicotinamide nucleotides at different substrate concentrations was almost the same as that observed with human erythrocytes. When nicotinamide was used as substrate the amount of nicotinamide nucleotides synthesized by pigeon and frog erythrocytes at any particular concentration of the substrate was about one-fifth of that synthesized by human or guineapig erythrocytes. However, the synthesis of nicotinamide nucleotides from nicotinic acid in the presence of glutamine was only slightly lower in the pigeon erythrocytes. These results clearly indicated that the nicotinic acid pathway of the synthesis of nicotinamide nucleotides is probably an important mechanism in nucleated erythrocytes. Rajagopalan, Sundaram & Sarma (1958) frog were capable of synthesizing nicotinamide nucleotides from both nicotinamide and nicotinic acid. On the other hand, rat blood was unable to form nicotinamide nucleotides from either of these substrates.
3. Human, guinea-pig, pigeon and frog erythrocytes synthesized nicotinamide nucleotides from nicotinamide and glucose. Monkey erythrocytes synthesized nicotinamide nucleotides from nicotinamide only in the presence of glutamine, suggesting that in this species the conversion of nicotinamide into nicotinic acid was an essential step in the formation of nicotinamide nucleotides.
4. Human, monkey, pigeon and frog erythrocytes could synthesize appreciable amounts of nicotinamide nucleotides from nicotinic acid, glucose and glutamine, whereas this did not occur in guinea-pig erythrocytes. Nicotinic acid was an effective precursor of nicotinamide nucleotides only at low concentrations.
